•^DAMAGE TOLERANT SHAFT AND ASSOCIATED FABRICATION METHOD 



FIELD OF THE INVENTION 
This invention relates to a shaft with internal connecting ribs that is tolerant of 
damage to a portion of the shaft because a closed path formed by the undamaged 
segment of the shaft and the internal connecting ribs continue to carry the torque 
loading on the shaft. 

BACKGROUND OF THE INVENTION 
Drive shafts are used in various vehicles, such as automobiles, aircrafts and 
rotorcrafts. Drive shafts generally connect a rotatable member to an engine that 
drives the rotation. The engine power rotates the drive shaft, which, in turn, rotates 
the workpiece. For example, rotorcrafts, such as helicopters, have drive shafts 
between the rotor, gearboxes and the fuselage-mounted engine(s) to enable the engine 
to drive the rotation of the rotor blades. The rotation of the rotor blades in relation to 
the motor creates torque on the drive shaft to transmit power. To ensure safe vehicle 
operation, the drive shaft must be designed to carry the necessary torque. In addition, 
the design process must take into account the potential for damage to the drive shaft. 

The torque loading on a drive shaft creates internal shear stresses in the drive 
shaft. The internal shear stresses naturally flow around the outermost closed path of 
the drive shaft. Thus, in undamaged solid or hollow drive shafts, the internal shear 
stresses flow around the closed path of the outer perimeter of the drive shaft. 

Many of the vehicles that utilize drive shafts are weight-sensitive, such as 
automobiles and aircraft that have weight limits under which they can safely and/or 
efficiently operate. Thus, the total weight of the vehicle components and the vehicle 
payload must comply with the weight limit. In order to increase the payload capacity, 
the weight of the vehicle components must decrease. In this regard, a drive shaft's 
weight is generally decreased by making it hollow. A hollow drive shaft's strength is 
comparable to that of a solid drive shaft while markedly decreasing the weight of the 
drive shaft. Drive shafts may be made of a range of material, including composites, 
aluminum, steel, plastic, and wood. In weight-sensitive applications, many drive 
shafts are made of composite materials that provide a high strength/weight ratio 
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because they are made of layers of high-strength, stiff fibers, such as graphite, 
embedded in a binder material, such as epoxy resin. The composite materials also 
offer design flexibility that traditional construction materials, such as metal alloys, do 
not because the properties of composite materials can be adjusted to efficiently match 
the requirements of the specific application. 

As mentioned above, drive shafts must be able to sustain certain types of 
damage and retain their ability to carry torque, thereby avoiding catastrophic and/or 
immediate failure. One type of damage that drive shafts made of composite materials 
must withstand is damage to the composite materials. The damage may occur 
accidentally during handling, such as dropping or hitting the drive shaft. While the 
individual layers of fibers have a very high strength, the adherence between the layers 
is not as strong and may be damaged by an impact such that the fiber layers or plies 
separate, which is commonly called delamination. The damaged portion of the drive 
shaft locally becomes an open cross-section, which decreases the torque load that the 
drive shaft can carry because the internal shear stresses in that portion of the drive 
shaft no longer flow about a closed path. This type of damage can be difficult to 
determine by visual inspection. Without repair, however, the damage will weaken the 
drive shaft and affect its ability to carry a torque load. 

Another type of damage that the drive shaft must withstand is damage from 
projectiles. For example, the drive shafts of military rotorcraft may experience 
damage from ballistic projectiles; and the drive shafts of automobiles may experience 
damage from rocks and other debris that may hit an exposed drive shaft. Experience 
has shown that ballistic projectiles that hit along the edge of a shaft and create a "slit" 
along the edge of the shaft can significantly reduce the torsional strength of a shaft, 
while projectiles that hit in the center of a shaft and create separate entry and exit 
"holes" only moderately reduce the strength of the shaft. 

The damage to the drive shaft may occur when the vehicle is in operation such 
that the drive shaft must remain operable in order to safely land and/or bring the 
vehicle to a stop and repair the damage. Safely landing and/or bringing the vehicle to 
a stop is difficult, however, because, like the damage due to accidents during 
handling, the projectile damage also creates a locally open section of the shaft, which 
decreases the torque load that the drive shaft can carry. 
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Drive shaft designers typically have three options to improve the damage 
tolerance of drive shafts. The first approach involves increasing the wall thickness of 
a hollow drive shaft to increase the remaining cross-section of the shaft that carries 
the torque load after a portion of the drive shaft is damaged. This approach suffers 
from the drawback that the weight of the drive shaft correspondingly increases, which 
is what the designers try to avoid. The second approach is to select stronger materials 
or modify the material properties of the composite, such as by changing the fiber 
orientation. The increase in damage tolerance of this approach, however, is fairly 
limited, particularly regarding projectile damage. The third approach consists of 
increasing the shaft diameter such that the damage area is a smaller percentage of the 
total area. This approach is often not available to the designer of a drive shaft because 
of space limitations. 

Therefore, a need exists for a drive shaft that is tolerant of accidental and 
projectile damage to a portion of the drive shaft and able to continue to carry the 
required torque loads and the corresponding internal shear stresses after the damage. 
In particular, the need is for a drive shaft that achieves damage tolerance without 
increasing the radius, wall thickness and/or weight of the drive shaft. 

SUMMARY OF THE INVENTION 

The damage tolerant shaft and method of fabricating a damage tolerant shaft 
of the present invention provide a drive shaft that is tolerant of accidental and 
projectile damage to a portion of the drive shaft. Thus, the damage tolerant drive 
shaft is able to continue to properly operate after being partially damaged because the 
design of the shaft permits it to continue carrying the required torque loads and the 
corresponding internal shear stresses. The damage tolerant shaft and associated 
method are particularly advantageous because the shaft provides damage tolerance 
without increasing the radius, wall thickness and/or weight of the drive shaft. 

One advantageous embodiment of a damage tolerant shaft includes an annular 
body that is symmetrical about an axis and a plurality of ribs extending inwardly from 
the annular body. The ribs connect within the interior of the annular body, such that a 
plurality of voids extend lengthwise between the ribs and annular body. The annular 
body and ribs may be made of a metallic, organic, inorganic, or a combination of 
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organic and inorganic materials. The annular body and ribs of the shaft also may be 
made of a composite material and reinforcing fibers may extend through the annular 
body and/or the ribs, oriented in a direction perpendicular to the axis about which the 
annular body is symmetrical. Furthermore, the shaft may include a filler disposed 
within interstices between the annular body and plurality of ribs and between the 
plurality of ribs at the connection point within the interior of the annular body. 

Another advantageous embodiment of a damage tolerant shaft includes a 
plurality of lobes and a filler material disposed between portions of adjacent lobes. 
The lobes are shaped relative to one another such that they may be positioned to 
define an annular body and a plurality of ribs extending within the annular body. The 
lobes may be formed of a composite material and each lobe may contain reinforcing 
fibers extending at least partially about a respective lobe. Additional reinforcing 
fibers oriented in a direction perpendicular to the axis about which the annular body is 
symmetrical may extend through the ribs to increase the strength of the shaft. An 
outer layer, which also may be formed of composite material, may surround the lobes 
to further define the annular body. The composite material of the outer layer may also 
contain reinforcing fibers extending at least partially about the lobes. If an outer layer 
surrounds the lobes, a filler material may also be disposed within interstices between 
the outer layer and the plurality of lobes. 

Therefore, the embodiments of the damage tolerant shaft provide for an 
annular body with internal ribs, and do not increase the radius, wall thickness or 
weight of the drive shaft relative to conventional, hollow drive shafts. In addition, if a 
portion of the shaft is damaged, the remaining internal ribs and the remaining section 
of the annular body continue to provide a closed path to carry the torque loads and the 
corresponding internal shear stresses. A damaged drive shaft that nevertheless defines 
a closed path advantageously permits much greater torque loads to be supported than 
a damaged drive shaft with no closed path. If additional reinforcing fibers extend 
through the ribs, then the undamaged portion of the shaft is even more resilient to the 
torque loads and the corresponding internal shear stresses. 

The method of fabricating a damage tolerant shaft includes forming a plurality 
of lobes from reinforcing fibers extending at least partially about each respective lobe, 
positioning the plurality of lobes relative to one another, filling the interstices between 
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portions of adjacent lobes with filler material, impregnating the fibers forming the 
plurality of lobes with resin, and curing the plurality of lobes. The fibers that form the 
lobes may be impregnated and the lobes may be cured prior to positioning the lobes 
relative to one another. The position of the lobes relative to one another defines an 
annular body and plurality of ribs extending within the annular body. 

One advantageous embodiment of the method of fabricating a damage tolerant 
shaft also may include surrounding the plurality of lobes with an outer layer formed of 
reinforcing fibers extending at least partially about the annular body of the shaft. The 
outer layer of fibers may be impregnated with resin, then may be cured. Curing the 
plurality of lobes may occur prior to curing the outer layer. Alternatively, the lobes 
and outer layer may be cured simultaneously. 

The lobes of the ribs of the damage tolerant shaft may be reinforced with a 
plurality of reinforcing fibers oriented in a direction perpendicular to an axis about 
which the annular body is symmetrical. The additional reinforcing fibers that extend 
through the thickness of the lobes of the damage tolerant shaft provide additional 
strength for the shaft, particularly for the portion of the shaft that remains after the 
shaft is partially damaged. Furthermore, although the damage tolerant shaft has 
internal ribs that a conventional drive shaft does not, the additional strength provided 
by the internals ribs allows for a thinner annular body of the damage tolerant shaft 
than the outer wall of the conventional drive shaft, such that the weight of the damage 
tolerant shaft is equal to or less than the weight of a conventional drive shaft. 

Thus, the damage tolerant shaft and associated method of fabricating a damage 
tolerant shaft provide a drive shaft that is tolerant of accidental and projectile damage 
to a portion of the drive shaft. As such, the damage tolerant shaft is able to continue 
to carry the required torque loads and the corresponding internal shear stresses after 
the damage. In addition, the shaft and associated method of fabrication achieve 
damage tolerance without increasing the radius, wall thickness and/or weight of the 
drive shaft. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
Having thus described the invention in general terms, reference will now be 
made to the accompanying drawings, which are not necessarily drawn to scale, and 
wherein: 

Figure 1 is a cross-sectional view of a damage tolerant shaft according to one 
embodiment of the present invention having four ribs and four lobes; 

Figure 2 is a cross-sectional view of a damage tolerant shaft according to 
another embodiment of the present invention having three ribs and three lobes; 

Figure 3 is a cross-sectional view of a damage tolerant shaft having lobes and 
an outer layer formed from a plurality of reinforcing fibers according to one 
embodiment of the present invention; 

Figure 4 is a representation of the flow of internal shear stresses around an 
undamaged shaft of one embodiment of the present invention; 

Figure 5 is a representation of the flow of internal shear stresses around a 
damage tolerant shaft of one embodiment of the present invention with damage to a 
small portion of the shaft; and 

Figure 6 is representation of the flow of internal shear stresses around a 
damage tolerant shaft of one embodiment of the present invention with damage to a 
large portion of the shaft. 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention now will be described more fully hereinafter with 
reference to the accompanying drawings, in which preferred embodiments of the 
invention are shown. This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodiments set forth herein; 
rather, these embodiments are provided so that this disclosure will be thorough and 
complete, and will fully convey the scope of the invention to those skilled in the art. 
Like numbers refer to like elements throughout. 

The damage tolerant shaft 10 according to one embodiment of the present 
invention is depicted in Figure 1. As shown, the shaft includes an annular body 16 
that is symmetrical about an axis and ribs 14 that extend inwardly from the annular 
body 16. The axis generally extends lengthwise through the annular body 16 at a 
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location coincident with the center of the annular body 16. The ribs 14 also extend 
lengthwise along the annular body 16 and connect within the interior of the annular 
body 16 at a connecting point 18. The annular body 16 and ribs 14 cooperate to 
define voids 12 that extend lengthwise between the annular body 16 and ribs 14. The 
voids 12 may be hollow or filled with a filler material, such as foams, adhesives, 
syntactic resin, wood, aerogel or other compatible material. If the damage tolerant 
shaft 10 is to be used in a weight-sensitive application, then the voids 12 are 
preferably hollow or filled with a material of light or negligible weight. Through 
analysis or testing, the weight of the filler material can be traded against the weight of 
the shaft body itself to achieve the best load carrying capability for the least weight. 

Although Figure 1 shows a damage tolerant shaft 10 with four ribs 14 and four 
voids 12, a damage tolerant shaft may have two or more ribs to form two or more 
voids. For example, Figure 2 depicts a damage tolerant shaft 20 that has an annular 
body 26 and three ribs 24 that extend from the annular body 26 and meet at a 
connecting point 28 to define three voids 22. The aspects of a damage tolerant shaft 
as discussed hereinabove regarding Figure 1 also apply to any damage tolerant shaft 
with two or more ribs that form two or more voids, including the shaft 20 depicted in 
Figure 2. 

f+y> The annular body 16, 26 and ribs 14, 24 may be made of a composite material, 
such as graphite fibers impregnated with epoxy r^sin. As explained below, the fibers 
extend at various angles about the annular bod/ 16, 26 and along the ribs 14, 24. 
Depending on the geometry of the shaft, the .magnitude of the loading and the design 
requirements, the fibers will be oriented ayvarious angles with respect to the axis of 
the shaft. The angles of the fibers may r^nge from 90 degrees, which would extend 
circumferentially about a lobe, to 0 decrees, which would extend lengthwise through 
the lobe. Although composite materials are high strength, the annular body 16, 26 
and/or the plurality of ribs 14, 24 may include additional reinforcing fibers oriented in 
a direction perpendicular to the suds about which said annular body is symmetrical. 
The fibers may be any type known to those skilled in the art, such as graphite, 
fiberglass, silicon carbide, aluminum oxide, astroquartz, and organic fibers such as 
Kevlar, Vectran, and PBO( The resin may be organic or inorganic, such as thermoset, 
thermoplastic, metallic and ceramic. In addition, the shaft may be made of metallic 
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materials, such as aluminum titanium and steel/As also explained below, interstices 
or voids may be defined between the annular body 16, 26 and the ribs 14, 24 and at 
the connection point of the ribs 18, 28. Aay type of filler material, such as chopped 
carbon filler mixed with resin, unidirectional or fabric prepreg, organic or inorganic 
foam, adhesive, honeycomb core, sWtactic resin, wood, aerogel or any other 
compatible material, may be usedyto fill interstices between the annular body 16, 26 
and ribs 14, 24. The filler material may also fill the interstices between the ribs 14, 24 
at the point of connection 18,/28. 

The annular body 16, 26 and ribs 14, 24 may be formed separately, then 
assembled. Alternatively, the annular body 16, 26 and ribs 14, 24 may be formed 
concurrently as one piece. Any fabrication method for producing the elements or the 
entire shaft may be employed to achieve the desired shaft structure. For example, the 
elements or shaft may be fabricated using dry preform materials, such as 
unidirectional tape, fabric or woven preform, and resin transfer molding. Although 
the preferred embodiment of the method of fabricating a damage relies on the use of 
filamentary composite materials, other materials and methods of fabrication can be 
used to achieve similar benefits through the use of the multi-lobe design 
configurations. For metallic materials, other fabrication methods may include 
extrusion, casting, machining, fold and welding, drawing, roll and bending and 
powder metallurgy. The lobes may be fabricated by the previous methods and then 
assembled or the whole shaft can be fabricated by these methods. Additionally, other 
materials such as organic or inorganic materials may be used with an appropriate 
fabrication method to generate the internal lobe structure of the damage tolerant shaft 
of the present invention. 

Figure 3 illustrates another advantageous embodiment of the damage tolerant 
shaft of the present invention. This embodiment of the shaft 30 includes lobes 32 and 
filler 34 disposed between portions of the adjacent lobes. The lobes 32 are positioned 
relative to one another such that they define an annular body and ribs extending 
within the annular body. Moreover, the lobes 32 may be hollow or filled with a 
material. If the damage tolerant shaft 30 is to be used in a weight-sensitive 
application, then the lobes 32 are preferably hollow or filled with a material of light or 
negligible weight. 
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The lobes 32 may be formed of a composite material and the filler 34 may be 
any type of filler material known to those skilled in the art, such as chopped carbon 
filler mixed with resin, unidirectional or fabric prepreg, foam, adhesive and any other 
compatible material. According to one embodiment of the damage tolerant shaft, the 
lobes 32 may be fabricated from a plurality of unidirectional plies having reinforcing 
fibers 38, such as graphite fibers, and formed so that the fibers extend at least partially 
about the lobe 32. The reinforcing fibers 38 are then impregnated with resin, such as 
epoxy resin, and the lobes 32 are cured. Composite curing processes are well-known 
to those skilled in the art and involve preserving/finishing the composite material by 
converting the liquid resin to a solid, which creates a high strength material. The 
lobes 32 may be impregnated and cured prior to positioning the lobes 32 relative to 
one another. Alternatively, the lobes 32 may be impregnated and cured subsequent to 
positioning the lobes 32 relative to one another. 

The damage tolerant shaft of this embodiment may also include an outer layer 
36 that may surround the lobes 32 to further define the annular body. If the shaft 30 
has an outer layer 36, then the filler 34 is also preferably disposed within the 
interstices between the outer layer 36 and the lobes 32. Like the lobes 32, the outer 
layer 36 also may be fabricated from unidirectional plies having reinforcing fibers 40 
and formed so that the fibers extend at least partially about the lobes 32. The fibers of 
the lobes and the fibers of the outer layer may be woven as one structure or each 
could be woven separately. The reinforcing fibers 40 that form the outer layer 36 are 
also impregnated with resin and then cured to form a high strength material. The 
outer layer 36 may be formed, impregnated and cured subsequent to positioning and 
curing the lobes 32. Alternatively, the outer layer 36 and lobes 32 may be 
impregnated and cured simultaneously. 

$*\ fibers of the lobes 38 and outer layejr 40 create a damage tolerant shaft 30 

with considerable strength in the direction tharthe fibers 38, 40 are wound. To 
provide additional strength to the damage tolerant shaft 30, additional reinforcing 
fibers oriented in a direction that is perpendicular to the axis about which the annular 
body is symmetrical may extend through the rib portion of the lobes 38. Since the 
composite material is typically a preform, all of the fibers of the lobes 32 are 
preferably impregnated and curecj/^imultaneously. 
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Although Figure 3 depicts a damage tolerant shaft with four lobes 32, the shaft 
may be formed from two or more lobes. The number and size of the lobes 32 in a 
damage tolerant shaft depend upon the application of the shaft and the damage 
requirements for that application. Damage requirements for drive shafts vary with the 
type of vehicle in which the drive shaft is located. One type of damage that drive 
shafts must withstand is internal damage to the composite materials of which the drive 
shaft is made. The damage may occur by accidental handling, such as dropping or 
hitting the drive shaft. While the individual layers of fibers have a very high strength, 
the binder between the layers is not as strong and may be damaged by an impact such 
that the fiber layers or plies separate, i.e., delaminate. The damaged portion of the 
drive shaft locally becomes an open section, which decreases the torque load that the 
drive shaft can carry because the internal shear stresses in that portion of the drive 
shaft no longer flow about a closed path. This type of damage can be difficult to 
determine by visual inspection. Thus, some form of non-detectable damage in 
composite shafts is typically taken into account as the shaft is designed and tested. 

Another type of damage that the drive shaft must withstand is damage from 
projectiles. For example, the drive shafts of military rotorcraft may experience 
damage from ballistic projectiles or debris and the drive shafts of automobiles may 
experience damage from rocks and other debris that may hit an exposed drive shaft. 
The damage to the drive shaft may occur when the vehicle is in operation such that 
the drive shaft must sustain the damage in order to safely land and/or bring the vehicle 
to a stop and repair the damage. Safely landing and/or bringing the vehicle to a stop 
is difficult, however, because, like the accidental handling damage, the projectile 
damage also creates a locally open section of the shaft, which decreases the torque 
load that the drive shaft can carry. 

The allowable size, type and/or magnitude of damage are typically defined by 
regulations or customer-approved design requirements. For example, drive shafts 
used in rotorcraft drive systems must be able to sustain partial damage from ballistic 
projectiles or debris and retain their ability to carry torque in order to safely land the 
rotorcraft. 

Torque loading on a drive shaft creates internal shear stresses in the drive shaft 
and these stresses prefer to flow around the outermost closed path. Figure 4 illustrates 
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the flow of the internal sheer stresses 46 around the outside closed path of an 
undamaged drive shaft 40 with four internal ribs 42 and lobes 44 that is driving the 
rotation of a rotatable member and, thus, carrying torque. 

The internal ribs 42 and lobes 44 provide damage tolerance to the drive shaft 
40 by increasing the likelihood that a closed section will still be defined by the drive 
shaft if a portion of the outer wall of the shaft is damaged. Figure 5 shows a damaged 
drive shaft 40 with a damaged portion 50. Although a portion of the outer wall of the 
shaft 40 and one of the ribs (or two of the lobes) are damaged such that a gap is now 
defined in the outer wall and one of the ribs is no longer directly connected to the 
outer wall, the internal sheer stresses 48 nevertheless have a closed path in which to 
flow. The closed path provided by the undamaged ribs or lobes is significantly 
stronger than an open portion of the shaft and, as such, the drive shaft can operate 
longer than a shaft with an open portion. Thus, the damage tolerant shaft 40 is safer 
for everyone in and around the vehicle when the damage occurs because the damage 
tolerant shaft 40 is more likely to operate at least long enough to land or halt the 
vehicle. 

Figure 6 depicts the drive shaft 40 having extensive damage to a large portion 
54 of the outer wall of the shaft and two of the ribs (or three of the lobes). As shown, 
a relatively large gap is now defined in the outer wall and two ribs are no longer 
directly connected to the outer wall. The internal sheer stresses 52, however, still 
flow around a closed path. Thus, as long as at least two undamaged ribs remain 
connected to an undamaged portion of the outer wall of the drive shaft or at least one 
lobe is undamaged, the internal sheer stresses can flow around a closed path, which 
increases the likelihood that the damaged drive shaft will operate at least long enough 
to get the vehicle to safety. 

Furthermore, the internal ribs 42 or lobes 44 provide damage tolerance for the 
drive shaft 40 without increasing the radius, wall thickness or weight of the drive 
shaft. Because the internal ribs or lobes create a stronger undamaged drive shaft, in 
addition to a stronger damaged drive shaft, the outer wall thickness of the damage 
tolerant shaft does not need to be as thick as the outer wall of a hollow drive shaft to 
carry the same amount of torque. Thus, when designed to carry the same amount of 
torque for the same vehicle, the weight of the damage tolerant shaft is no more than 
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the weight of a hollow drive shaft. Additionally, because of the internal rib or lobe 
design of the damage tolerant drive shaft, it is not necessary for the damage tolerant 
drive shaft to have a larger radius than the radius of a hollow drive shaft carrying the 
same amount of torque for the same vehicle. In fact, the radius of the damage tolerant 
5 drive shaft may be smaller than that of a hollow drive shaft, designed to carry the 

same amount of torque for the same vehicle, due to the added strength provided to the 
undamaged and damaged drive shaft by the internal ribs or lobes. 

Thus, the damage tolerant shaft and associated method of fabricating a damage 
tolerant shaft provide a drive shaft that is tolerant of accidental and projectile damage 
10 to a portion of the drive shaft. Because the design of the drive shaft is such that a 
^ closed path is likely to remain after a portion of the drive shaft is damaged, the 

0 damage tolerant shaft is able to continue to carry the required torque loads and the 

m 

m corresponding internal shear stresses after the damage. In addition, because the 

internal design of the damage tolerant drive shaft provides additional strength in an 
PJ 15 undamaged shaft, as well as a damaged shaft, the outer wall thickness of the damage 
f i tolerant shaft does not need to be as thick as that of a conventional hollow shaft, 

1 - 

p* designed to carry the same amount of torque. Therefore, the shaft and associated 

03 method of fabrication achieve damage tolerance without increasing the radius, wall 

fjlj thickness and/or weight of the drive shaft. 

20 Many modifications and other embodiments of the invention will come to 

mind to one skilled in the art to which this invention pertains having the benefit of the 
teachings presented in the foregoing descriptions and the associated drawings. 
Therefore, it is to be understood that the invention is not to be limited to the specific 
embodiments disclosed and that modifications and other embodiments are intended to 
25 be included within the scope of the appended claims. Although specific terms are 
employed herein, they are used in a generic and descriptive sense only and not for 
purposes of limitation. 
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